Introduction
Thin films and nanostructures of the refractory metal oxide MoO 3 have received broad attention in the last years [1, 2] . In many studies its great potential for a variety of applications has been revealed, including redox catalysts [3] , chemical sensors [4] [5] [6] , photochromic [7] , electrochromic [8, 9] , gasochromic [10, 11] , memresistive and memcapacitive [12] , organic light emission devices (OLEDs) [2, 13, 14] , organic [15] and amorphous Si [16] [17] [18] solar cells as well as microbatteries [19] [20] [21] .
In thin films of MoO 3 two different crystalline phases have been found: orthorhombic α-MoO 3 , which is the thermodynamically stable compound, as well as metastable monoclinic β-MoO 3 . The building blocks of α-MoO 3 and β-MoO 3 are highly distorted MoO 6 octahedra with bond lengths and bond angles that strongly deviate from the symmetric octahedron. The crystal structure of α-MoO 3 consists of a sequence of bilayers that are oriented perpendicular to the b-axis ( figure  1(a) ). Each bilayer consists of two sublayers of closely packed distorted MoO 6 octahedra linked within a layer by a corner to the neighboring octahedra (along a) and sharing a common edge with neighboring octahedra of the adjacent plane of the bilayer (along c). Each bilayer mainly interacts with the two adjacent ones through weak van der Waals interactions, resulting in a sheet-like structure similar to graphite. The crystal structure of β-MoO 3 ( figure 1(b) ) is similar to that of ReO 3 [22] . The distorted MoO 6 octahedra form a threedimensional network by sharing the corners with each other with the unit cell containing four MoO 6 octahedra.
Stochiometric MoO 3 is an insulator with a band gap of ∼3 eV, an electron affinity of 6.7 eV and an extraordinarily large ionization energy of 9.7 eV. On the contrary, oxygen deficiant MoO x with x < 3 is an (almost transparent) n-type conductor. Because of its large ionization energy the conduction band of MoO 3 lies close-in-energy to the valence band of organic films and semiconductors (e.g. Si or GaAs). Accordingly, thin intermediate layers of MoO 3 facilitate hole injection into organic films of OLEDs [2, [13] [14] [15] and, as discovered very recently, electron extraction in solar cells of amorphous Si [16] [17] [18] .
Thin films of MoO 3 have been prepared by various techniques including thermal evaporation [7, [23] [24] [25] [26] [27] , sputtering [10, [28] [29] [30] [31] , pulsed laser deposition [32] [33] [34] , chemical vapor deposition [35, 36] , atomic layer deposition [37] , electrodeposition [11, 38] , and spray pyrolysis [39] , all experiments preferentially performed on amorphous glass or oxidized Si templates. Irrespective of the preparation techniques the following common behavior concerning the dependence on the growth temperature (T G ) is observed (see, e.g. [27, 28] ): (i) at T G < 150 °C amorphous MoO 3 are obtained; (ii) at 200 < T G < 350 °C, the films are polycrystalline with coexisting grains of α-MoO 3 and β-MoO 3 ; (iii) for T G > 350 °C, XRD reveals only diffraction peaks of polycrystalline α-MoO 3 ; (iv) for T G > 400 °C, XRD shows only peaks from α-MoO 3 with the (0 1 0) plane parallel to the substrate yielding textured [28] or epitaxial films [27] ; (v) for T G > 400 °C, the film thickness is substantially reduced by re-evaporation from surface. In principle, the same sequence of structural transformations is observed, when originally amorphous MoO 3 films are annealed at elevated temperatures (see [38] ).
Here we investigate growth, structure, oxidation state, stress, interface compostion and electrical properties of MoO 3 films on GaAs(0 0 1), the leading III/V compoundsemiconductor. Due to the low effective mass of its carriers, GaAs exhibits superior electronic properties essential for high-speed and radio-frequency devices. Moreover, GaAs is a direct-bandgap semiconductor, thus being perfectly suited for efficient absorbance and emission of light. The latter is utilized in GaAs-based light emitting and laser diodes for CD players, telecommunication [40] , and more recently also for lighting LEDs [41] . GaAs solar cells are commonly used for photovoltaic arrays of satellites and hold the world record for the highest-efficiency single-junction solar cell at 28.8 percent [42] . Therefore integration of MoO 3 into GaAs(0 0 1) technology offers promising prospects for advancing device technology: (i) improved GaAs-based solar cells due to the high ionization energy of MoO 3 ; (ii) tunable electrical resistance from insulating to half-metallic, while maintaining transparency; (iii) epitaxial MoO 3 layers due to good lattice matching along a and c in α-MoO 3 or along b and c in β-MoO 3 ; (iv) a versatile high-k oxide [43] ; (v) possible intercalation into α-MoO 3 .
Experimental
The experiments were performed in a multichamber molecular beam epitaxy (MBE) system consisting of separate interconnected growth chambers for III/V semiconductor and metal/ oxide MBE. The MoO 3 films were deposited onto c(4 × 4) reconstructed GaAs(0 0 1) substrates mounted on a cantileverbeam device. They were prepared in the III/V growth chamber by standard routine (for details see [44] ). The c(4 × 4) reconstruction of GaAs(0 0 1) was confirmed by reflection high energy electron diffraction (RHEED) in the III/V chamber and, after transfer to the As-free metal/oxide chamber without breaking the ultrahigh vacuum conditions, by low energy electron diffraction (LEED) [44] . The MoO 3 films were prepared by thermal evaporation of MoO 3 powder out of a Mo crucible within 45 min after the sample transfer; the pressure during deposition was 5 × 10 −10 mbar, the deposition rate was 0.06-0.08 nm s −1 as controlled by a quartz crystal microbalance (QCM) calibrated by a QCM in substrate position. The MoO 3 films were deposited at different substrate temperatures (room temperature (RT)-200 °C) with and without dosing oxygen via a leak valve. A cantilever beam device [45] was used for measuring the stress of the MoO 3 films in real time during growth.
After exposure to air, selected samples were investigated by x-ray diffraction (XRD) with a Seifert XRD3003 (Cu K α = 0.15418 nm), by x-ray photoelectron spectroscopy (XPS) with a Theta Probe from ThermoFisher (energy calibration with the 285 eV peak of C, corroborated by XPS peaks of the GaAs substrate), and by atomic force microscopy (AFM) with a nanoSurf AFM in the constant-force contact mode. The electrical measurements were performed in the van der Pauw geometry. From selected samples crosssectional specimens were prepared by focused ion-beam (FIB) lithography and investigated by high-resolution transmission electron microscopy (HRTEM, JEOL-2011 TEM, 200 keV). For chemical analysis cross-sectional specimens were investigated by a JEOL JEM-2200FS (200 keV), which is equipped with a field-emission gun, enabling operation in a scanning mode (STEM), and a silicon drift detector (X-MaxN 80 T from Oxford Instruments) for energy dispersive x-ray spectroscopy (EDXS). Prior to the EDXS-measurements the specimens were oriented into the GaAs[1 1 0] zone axis and specimen drift was corrected before each measuring point of a EDXS linescan. To guarantee appropriate resolution and sufficient beam current, a STEM full-width-at-half-maximum beam size ≈0.2 nm was chosen. For the estimated specimen thickness of ≈50 nm the electron beam spread is negligible (with only 1% of the electrons being outside of the nominal beam diameter in GaAs), leading to an overall measurement resolution of 0.5 nm.
Results
We have investigated the growth of MoO 3 on GaAs(0 0 1) in the growth temperature range of RT-200 °C and present the obtained results exemplarily by means of MoO 3 films deposited at RT and 200 °C. For this study we selected substrate temperatures not higher than 200 °C in order to reduce diffusion of Ga and As into the MoO 3 film. In a recent study of Fe/MgO(0 0 1)/GaAs(0 0 1) heterostructures [46, 47] we found that for growth temperatures of 200 °C a MgO(0 0 1) barrierlayer with a thickness of at least 2.5 nm is required in order to suppress interdiffusion of Ga and As into the Fe film as well as of Fe into the GaAs substrate.
Electrical resistance
Measurements of the electrical resistance by the Van der Pauw method revealed that in order to obtain insulating MoO 3 films, a partial pressure of 1 × 10 −6 mbar oxygen during deposition is required. MoO 3 films deposited without oxygen dosage were conducting with a resistivity ρ ∼ 5 × 10 −7 Ωm at RT, irrespective of the growth temperature. As discussed by Balendhran et al [26] , a Mo 6+ ion neighboring an oxygen vacancy in the MoO 3 lattice is reduced to Mo 5+ . The additional electron it is not tightly bound to any Mo 6+ core cation, thus being delocalized and giving rise to a gap state in between the valence and conduction bands of MoO 3 . By dosing oxygen during the MoO 3 deposition, the number of oxygen vacancies is reduced, eventually leading to insulating MoO 3 films.
Oxidation state
XPS investigation of selected samples showed a Mo 3d 3/2 peak at 235.9 and 3d 5/2 at 232.8 eV (figure 2(a)). As discussed in [2] , owing to a possible Fermi level shift within the band gap of molybdenum oxides the energy separation between the Mo and O core levels has to be measured as well in order to unambiguously determine the Mo oxidation state. For our films the O 1s peak lies at 530.9 eV (figure 2(b)), yielding an energy separation to the Mo 3d 5/2 peak of 298.1 eV. This value is in very good agreement with that of Mo 6+ (297.8 eV)
[2]-compared to 299.1 and 300.9 eV for Mo 5+ and Mo 4+ , respectively [2] -thus confirming the formation of MoO 3 . The small shoulder on the right side of the oxygen peak (at ≈532.5 eV)-contributing only a few percent of the total oxygen signal-is from oxide impurities formed during the transport of the film to the XPS system [2] . Figure 3 summarizes the results of the in situ stress measurements. The force F normalized to unit film width w measured during the growth of two MoO 3 films on GaAs(0 0 1)c(4 × 4) is plotted as a function of the mean film thickness t; the slope of the force curves corresponds to the incremental film stress σ = ∂(F/w)/∂t. Due to the close correlation between stress and structure, measurements of the film stress have proven to be a powerful tool for investigating film growth as a function of the deposition parameters [48, 49] . Moreover, since the stress measurements are performed in real-time, important information on the dynamics of the growth process is provided [50, 51] . From the force curves of the two MoO 3 films deposited at RT and 200 °C (figure 3, left) two different growth stages can be distinguished: (i) a growth stage with large compressive film stress of −1.1 GPa at the beginning of deposition up to a thickness of 0.7 nm for the RT film and 1.6 nm for the 200 °C film (linearly increasing film forces correspond to constant incremental film stress, F/w = σt); (ii) a growth stage with constant lower compressive stress of −0.3 GPa for both films at thicknesses larger than ≈2 nm. Interestingly, the transition from growth stage (i) to growth stage (ii) proceeds rather sharp at a thickness of 1.7 nm for the RT MoO 3 film and smooth for the 200 °C film (see section 4) . No change in the film-forces with time is observed after the deposition is stopped; this is shown exemplarily in figure 3 , right, which displays the time-dependence of the film forces measured immediately after stopping deposition. As discussed previously [48, 52] , constant stress after film deposition indicates that no relaxation processes take place in the deposited films.
Stress

Film structure
We did not observe diffraction spots of α-MoO 3 or β-MoO 3 in the XRD pattern of our films (figures 4(a) and (b)) apparently Despite the presence of nanoscale order and the formation of nanocrystalline grains no diffraction spots of MoO 3 are detected by XRD with our samples (figure 4). This is indeed surprising, because x-ray powder diffraction is a well established technique and XRD is also successfully employed for structural investigations of (typically ordered) nanocrystal arrays. It seems that in the case of MoO 3 /GaAs(0 0 1) the XRD intensity is weakened by the combined effect of a number of factors: (i) Compared to common powder diffraction experiments the average grain size in our nanocrystalline MoO 3 films is more than 2 orders of magnitude smaller (1-10 μm compared to 2-8 nm). Moreover, the observed nanocrystals amount only to a small part of the MoO 3 film. (ii) Compared to ordered nanocrystal arrays the nanocrystalline grains of our MoO 3 films are randomly oriented, thus reducing the number of scatterers contributing to the intensity a given XRD peak. (iii) The lattice distance of MoO 3 is considerably larger than that of metallic nanocrystals, again effectively reducing the number of involved scatterers. (iv) Due to the many defects, being responsible for local strain and variation of interatomic distances, constructive interference is reduced. Altogether, this may explain why the absence of diffraction spots in XRD does not necessarily indicate amorphous growth.
Surface structure
The interface to the vacuum, investigated by AFM, is characterized by a slightly corrugated surface with a mean roughness of 2-3 nm (figures 6(a) and (b)). In situ structural invest igations of the 30 nm-thick MoO 3 films by RHEED show diffraction patterns with discrete spots (figures 6(d) and (e)), indicating a crystalline surface structure. Comparison of the RHEED patterns of the MoO 3 films deposited at RT and 200 °C with that of the GaAs(0 0 1)c(4 × 4) substrate (figure 6(c)) reveals a similar characteristic distance (dashed lines in figures 6(c)-(e)). RHEED is a well established technique for investigating nanostructures, e.g. of semiconductor quantum dots [53] . For our MoO 3 samples, in situ RHEED therefore corroborates a slight 3D corrugation of the MoO 3 surface in accordance with AFM results (figures 6(a) and (b)). Moreover, and in agreement with our HRTEM results, RHEED confirms that the MoO 3 films on GaAs(0 0 1) are crystalline on a nanoscopic scale, i.e. both in the bulk and at the surface.
The spatial dimensions of the surface corrugation detected by AFM ranges from 0.2-0.5 μm for the RT film and from 1-3 μm for the 200 °C film. Large-scale (>1 μm) cross-sectional TEM images of both films (not shown) exhibit uniform contrast analogous to figure 4, thus not evidencing the presence of grain-boundaries. Accordingly, the observed surface roughness is is not the result of columnar-grain growth or Volmer-Weber growth. Film growth seems to proceed in a layer-by-layer-like manner accompanied by kinetic surface roughening that increases with the growth temperature.
Interface structure
Similar to the surface of the MoO 3 films, also the interface of the MoO 3 films to the GaAs(0 0 1) substrate is rather sharp. As revealed by HRTEM (figures 5(a) and (b)), for both growth temperatures (RT and 200 °C) the transition from the regular GaAs crystal lattice to the microstructure of the MoO 3 -films proceeds within a thickness range of 2-3 nm; furthermore, the microstructure of the two MoO 3 films is similar. The HRTEM images of figure 7 illustrate the structural changes at the interface with higher resolution: figure 7(a) is focused on the GaAs lattice, figure 7(b) on the MoO 3 film structure. We want to emphasize that our HRTEM experiment, i.e. non-aberrationcorrected TEM and 50 nm-thick cross-sectional sample of a nanocrystalline MoO 3 film, cannot provide detailed information on interface structure and chemical composition with atomic resolution. For instance, observed features in the GaAs sample cannot be attributed to As or Ga or both which, however, is not relevant for the main conclusions of our study. Nevertheless, it is possible to identify structural features typical of (i) the GaAs substrate, particularly its unit lattice marked by red circles in figure 7 , and (ii) the MoO 3 film with its row-like features discussed above by means of figure 5 , marked by green dashed lines in figure 7(b) .
Upon approaching the interface from the GaAs side, i.e. from bottom to top of figure 7, the centered rectangular structure of GaAs lattice (indicated by red circles) visible in the HRTEM images at first becomes distorted (first blue arrow). Then the GaAs lattice becomes fractured by row-type features typical of the MoO 3 film (green dashed lines and second blue arrow). Finally, after a thickness beyond 2-3 nm, the MoO 3 film structure becomes the dominating one (indicated by third blue arrow).
Interface composition
In figure 8 we present STEM-EDXS results from the MoO 3 /GaAs(0 0 1) interface which help to understand the observed structural changes. The electron beam with an average spot size of 0.2-0.3 nm is scanned along the straight lines (yellow) included in the respectice STEM images of figures 8(a) and (b). In the diagrams below the distancedependent element-resolved EDXS-signal is plotted for the four involved components, As, Ga, Mo, and O. Figure 8 evidences that in an 3-4 nm-thick interface region the four elements coexist indicating a considerable intermixing region within this thickness range. Notice that the EDX spectra were measured ex situ, a long time after the film deposition has been performed. Therefore the EDX spectra do not reflect a time scale. Part of the interface composition originates from intermixing via surface diffusion during depostion of the first MoO 3 layers, another part may proceed by bulk diffusion taking place during the further deposition process, and maybe bulk diffusion is going on even after film deposition is finished.
According to figure 8, the concentration of As decreases exponentially to zero within a distance of 3-4 nm at both growth temperatures (dashed line 2). The decay of the Ga signal, on the other hand, extends over a thickness of about 10 nm and sets in approximately 4 nm before the As decay (dashed line 1). As indicated by the peak of the Ga signal at ≈11.5 nm, Ga accumulates at the interface region, where the Mo concentration increases (dashed line 3). The Mo signal reaches its maximum value over a thickness range of 3-4 nm (between dashed lines 3 and 4), where Ga is present as well. Oxygen can be detected also in the GaAs matrix of the interface layer (beginning at dashed line 1) and reaches its maximum value before the Mo signal saturates. It seems that oxygen is reacting also with Ga and As. Interestingly, the EDXS results are very similar for both growth temperatures, indicating a high mobility of all four involved species already at RT. 
Summarizing discussion
We investigated growth, structure, oxidation state, stress, interface compostion and electrical properties of thin MoO 3 films on the single-crystal GaAs(0 0 1) substrate. Contrary to previous studies performed on amorphous or polycrystalline templates, where according to XRD amorphous films have been obtained at growth temperatures up to 200 °C, our in situ RHEED and ex situ HRTEM results clearly evidence the formation of nanocrystalline grains with an average grain size up to about 8 nm. We remark that recently nanocrystalline grains have also been detected in one of the very rare cross-sectional HRTEM investigations of sputtered MoO 3 films [31] . Surprisingly, these sputtered films on an amorphous substrate exhibit a very similar mictrostructure as our thermally evaporated films on a single-crystal substrate. Our results indicate that experimental verification of nanocrystallinity by XRD it is not a straightforward procedure.
The interface of MoO 3 /GaAs(0 0 1) is not atomically sharp. STEM/EDXS reveals that As, Ga, Mo, and O are coexisting in a thickness range of 3-4 nm. Furthermore, oxygen is detected also in a ≈6 nm thick layer of the GaAs substrate at the interface towards the MoO 3 film. Our HRTEM images suggest that the transition from the GaAs single-crystal lattice to the nanocrystalline structure of MoO 3 proceeds gradually over a thickness range of 3-4 nm. Coming from the GaAs side, at first a 1-2 nm thick interface region has formed, where the GaAs lattice is distorted by interdiffusion. According to STEM/ EDXS, Ga is enriched in this layer possibly due to chemical reaction with oxygen. It is continued by a 1-2 nm thick more strongly interdiffused layer in the MoO 3 film that that contains already row-like structures typical of MoO 3 .
These results are supplemented by our real-time stress measurements that evidence a two-stage growth mode, each of them clearly distinguished by its stress. In the first growth stage, at the beginning of deposition, the interface is formed, which consists of a ≈2 nm-thick intermediate layer, where the four components of the two involved materials (Ga/As and Mo/O) coexist. The experimental stress in this layer is compressive with a magnitude of about −1 GPa. As indicated by our HRTEM results ( figure 7(a) ), in this growth stage the interface layer seems to be represented by a distorted GaAs lattice with Mo and O on interstitial sites giving rise to compressive stress. The stress in this growth stage can be estimated with the high elastic constant of GaAs (c 11 = 119 GPa) corresponding to strain of ≈ 1% due to interdiffusion. Once the nanocrystalline MoO 3 structure is dominating at a film thickness >2 nm, the compressive stress is reduced. The observed stress values of about −0.3 GPa are in agreement with the growth stress reported by Mohamed et al for sputtered MoO x films [54] . In this (second) growth stage each MoO 3 layer adds the same magnitude of force to the film resulting in a linear increase of the film force, corresponding to constant stress. Film growth in the second stage therefore proceeds in a layer-by-layer-like manner. We remark that the observed stress evolution is in clear contrast to that of Volmer-Weber growth (see [48, 49] ) in agreement with the observed featureless large-scale TEM images.
We want to emphasize that stress measurements represent a real-time investigation technique providing in situ information on structural processes directly during film deposition. The stress results suggest that interdiffusion effects dominate paricularly during the process of interface formation, i.e. while depositing the first 1-2 nm of MoO 3 . Upon further deposition, interdiffusion continues, though to a lower extent. This is confirmed by our EDXS results performed ex situ that reveal an interface layer as thick as 3-4 nm. Interestingly, the transition between the two growth stages identified by the stress measurements is shifted to lower film thickness for the 200 °C film pointing to improved temperature-driven strain relaxation.
Acccording to HRTEM, the MoO 3 film consists of MoO 6 -octahedra locally connected via corners and/or edges to neighboring ones forming randomly oriented nanoscale regions of α-MoO 3 
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